Abstract. The electronic structure single crystals of the new double perovskite Sr 2 YRu 1−x Cu x O 6 (x = 0-0.05) has been investigated by x-ray absorption nearedge structure (XANES) spectroscopy. The Cu K-edge spectra show that Cu is incorporated as Cu 1+ and Cu 2+ in the crystals grown in air and in an oxygen atmosphere and Ru 5+ is seen in the Ru K-edge spectra. The O K-edge and the Ru L 3 -edge spectra indicate an increase in the unoccupied states (hole concentration) as x is increased, accompanied by a lattice distortion from an increased O-Ru-O bond angle. These changes observed even with a small Cu addition are interpreted to result from the Cu 3d-O 2p hybridization as Cu replaces Ru in the octahedral sites.
Introduction
Double perovskite ruthenates with the general formula A 2 BRuO 6 , where A is an alkaline earth halide and B is a rare-earth ion have been receiving considerable attention recently due to their interesting magnetic and superconducting properties [1] - [11] . In this family of materials, Sr 2 YRuO 6 is an antiferromagnetic insulator that is found to exhibit zero resistance [1] - [3] even with a small amount of Cu addition (0.05 mol%), which was confirmed by further investigations using neutron diffraction [2] , muon-spin rotation [3] and specific heat measurements [12] . Annealing the samples around 1400
• C in O 2 :Ar atmosphere is found to be critical to observe superconductivity in these compounds. The single crystals of Sr 2 YRu 1−x Cu x O 6 (x = 0-0.05) grown from PbO-PbF 2 -based solutions at 1250
• C exhibit a diamagnetic transition (that increases with Cu content) indicative of superconductivity but do not show zero resistance [13, 14] . This was attributed to the spin-glass superconductor nature of the crystals arising from the incorporation of Cu in multiple valence states (1+ and 2+) due to the reduction of CuO at the crystal growth temperatures [13, 14] . When Cu (with multiple valence states) replaces Ru in the lattice, the long-range antiferromagnetic order is disturbed. In addition, the small difference in the ionic radii may also lead to a lattice distortion that may further contribute to the magnetic frustration in the system. X-ray absorption near-edge structure (XANES) spectroscopy has been very useful in investigating the electronic properties of materials and their relation to magnetic and other properties [15] - [28] . Some relevant examples are the correlation of the spin-glass behavior observed in some of the perovskites due to the random ordering of the B and Ru sites [28] - [30] , the use of Co L-edge and O K-edge measurements could establish the spin states of Co and lattice distortion in Sr 2 Ru 2−x Co x O 6−δ [29] and Ru K-edge and L-edge measurements to determine the Ru valence in La 2 LiRuO 6 and La 2 MgRuO 6 to be Ru 5+ and Ru 4+ , respectively [19] . We have used the XANES spectroscopy to investigate the valence of Cu and Ru in the SrY2116 crystals and to study the Cu 3d-O 2p hybridization that may introduce itinerant holes into the system, which may lead to superconductivity according to the model proposed by Ren and Wu [31] . The purpose of the present communication is more to elucidate the electronic states of Cu and Ru in the single crystals (and not so much about the magnetic and superconducting properties) since not much information is available on this system except for the density of states (DOS) calculations [32] . We report for the first time the use of XAS measurements to establish the electronic states of Cu and Ru in the single crystals of Sr 2 YRu 1−x Cu x O 6 . These measurements not only reveal the presence of Cu 1+ , Cu 2+ and Ru
5+
but also the unoccupied states (holes) and an octahedral distortion from Cu substitution of Ru similar to that observed by Ca substitution of Sr in SrRuO 3 [24] . However, much larger changes are observed from the octahedral substitution of Cu in the present case compared with the near 50% substitution of Sr by Ca [24] or Mn in SrRuO 3 [33] . 
Experimental
Procedures for the preparation of the starting powders and growth of SrY2116 single crystals have been described earlier [13, 14] . Incorporation of Cu in the crystals was confirmed by powder x-ray diffraction (XRD), Raman spectroscopy and energy dispersive spectroscopy (EDS) [13] . It may be pointed out that x in the present communication refers to the Cu concentration obtained from the EDS measurements rather than the starting powders as extensive Cu loss was observed due to evaporation at growth temperatures [13, 14] . While the x = 0.0 and 0.02 crystals were grown in air, the x = 0.05 crystals were grown in an oxygen atmosphere. The XANES spectra were recorded at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The calculated energy resolution of beamline 17C (at which Cu K-edge was measured) is 1.2 eV at 9 keV and that of beamline 01C (for Ru K-edge) is 3.7 eV at 22 keV. The beamline 16A (for Ru L 3 -edge spectra) has a resolution of ∼0.4 eV at 2.8 keV, and that of beamline 20A (used for O K-edge) is ∼0.1 eV at 530 eV. All the XANES spectra were recorded at room temperature, in the total electron yield (TEY) mode for O K-edge and in fluorescence yield (FY) mode for other edges. All spectra were normalized to a unity step height in the absorption coefficient across the edge.
Results and discussion
Figure 1(a) presents the Cu K-edge spectra of SrY2116 x = 0.02 and 0.05 along with the Cu 2 O and CuO standards, which are normalized at the photon energy ∼100 eV from the absorption edge at E 0 = 8979 eV. (The low intensity of these spectra also confirms the low incorporation of Cu observed in the EDS measurements.) The pre-edge features marked A 1 and A 2 , respectively, in the Cu 2 O and CuO spectra represent transitions from the 1s → axial 4p state, which contain a small portion of the unoccupied 3d states as the quadruple allowed transitions and are close to the 4s state. The feature marked as B is mainly due to the transition from copper 1s to the 4p state [15] - [17] . A comparison of the spectra of the standard and the samples of SrY2116 with x = 0.02 and 0.05 reveals that the A 1 feature appears at the same energy as Cu 2 O and the A 2 feature at that of CuO separated by 3.8 eV similar to earlier reports [15] - [17] . It may therefore be concluded that Cu is incorporated with both Cu 1+ and Cu 2+ valence states in these crystals. The B feature of the crystal samples appears broad indicating the presence of the B features of both Cu 2 O and CuO and thereby the presence of two valence states simultaneously. In the case of the x = 0.05 crystal, it is observed that the curve shifts to a slightly higher energy along with a sharp B feature and a weak A 1 feature giving the appearance of a CuO-like spectrum and hence indicating a possible higher Cu 2+ incorporation compared with the x = 0.02 crystal that was grown in air. It is likely that the conversion of CuO to Cu 2 O is suppressed in the presence of oxygen. This result confirms the earlier conclusion regarding the possible incorporation of Cu in 1+ and 2+ oxidation states in the crystals [13, 14] .
The Ru K-edge spectra of SrY2116 x = 0-0.05 crystals are presented in figure 1(b) along with standards RuO 2 (Ru 4+ ) and Ba 2 YRuO 6 (Ru 5+ ) [18] . The second derivative plots (inset of figure 1(b) ) have been used to determine the rising parts of the curves that show a shift of 2.0 eV between the RuO 2 and Ba 2 YRuO 6 standards, consistent with those reported by Hyung et al [18] and Choy et al [19] . The position of the Ru K-edge for the SrY2116 x = 0-0.05 crystal matches with the Ba 2 YRuO 6 standard within the limits of energy resolution even though the presence of Since the environments of Ru atoms are fairly symmetric in the RuO 6 octahedra (O h ), the Ru L 3 -edge XANES spectra of SrY2116 single crystals shown in figure 2 reflect the changes brought about by Cu incorporation in the fine structure of the unoccupied 4d states. The spectra of the crystals display two prominent features marked C 1 (2p → t 2g ) at 2839 eV and C 2 (2p → e g ) at 2843 eV, which correspond to the core electron transitions from 2p 3/2 (L 3 ) to the t 2g and e g bands, respectively, with O h symmetry crystal field 10 Dq splitting in the final state [19] - [21] , [28] . The spectra have been normalized for the intensity of the C 2 peak. The small increase in the intensity of the C 1 peak is indicative of a slight distortion of the RuO 6 octahedra [19] - [21] . The inset (b) of figure 2 shows a small increase in the ratio with increasing x, indicating an increase in the bond angle. It is also observed that the peak width at halfmaximum for the C 1 peak (t 2g ) increases with x, which also indicates an increase in the O-Ru-O bond angle [19] . These two observations are self-consistent and indicate the crystal distortion as Cu gets incorporated into the lattice. The crystal field effects on the transition metal d orbitals in perovskites are well known as discussed by Millis [22] . These results are also consistent with the XRD and Raman data [13, 14] , which show a decrease in bond lengths as x increases. The spectral background was subtracted by a fitting with the Gaussian function using the peak E at 534 eV, which arises due to contributions from Sr and Y. Owing to the octahedral crystal field splitting 10 Dq, the t 2g and e g bands are observed. The D 1 peak is assigned to the Ru t 2g band, the D 2 and D 3 peaks are attributed to the splitting of Ru e g band [24] - [26] , [28] . This corresponds to the octahedral crystal field splitting of the e g band due to Jahn-Teller effects in the electronic configuration 4d 3 (t ) in the ground state as well as due to the pentavalancy of Ru in the SrY2116 crystals as discussed above. Owing to different orientations of the d orbitals in the octahedral crystal symmetry of RuO 6 , the t 2g band (d x y , d x z , d yz ) and the e g band (d x 2 −y 2 and d 3z 2 −r 2 ) experience a crystal field splitting. This is also reflected by the presence of a weak feature marked C * centered at the photon energy 2842.3 eV in the Ru L 3 -edge spectrum shown in inset (a) of figure 2 .
The e g splitting into two peaks, D 2 and D 3 , has also been reported in the case of SrRuO 3 doped with Ca [24, 25] and DOS at 4d-2p hybridization band calculations [25, 26, 28] . These are contributions from the Ru 4d 3z 2 −r 2 and 4d x 2 −y 2 , states respectively that hybridize with O 2p orbitals and are consistent with the results for the Ru L-edge discussed above. In the presence of Cu, the D 1 peak is overlapped with contributions from the Ru 4d and Cu 3d empty states that are hybridized with the O 2p σ (p x,y ) states [23] . These are referred to as Zhang-Rice (ZR) states and have been observed in the upper Hubbard band (UHB) in some cuprates [27, 28] . However, it is not easy to separate the contributions from the 3d 9 of Cu 2+ from the 4d t 2g of Ru 5+ in this complex peak. It is also seen in the figure that the area under the D 1 , D 2 and D 3 peaks increases with increasing x indicating an increase in the unoccupied states i.e. a hole increase in the d (4d and 3d)−p hybridized bands. The intensity changes and the peak broadening (due to E J-T ) both indicate that the d x 2 −y 2 is higher than the d 3z 2 −r 2 in the ground state energy levels [22] . The σ -band of the 2p states in the O-Ru-O bonding might be distorted in the O h symmetry as Cu substitutes Ru. From these results it is concluded that a-and b-axes shrink and the c-axis elongates resulting in a structural distortion. also reflected by the changes to lattice parameters from the XRD, which show a decrease in the a and b parameters and an increase of the c parameter (unpublished) and a decrease in the bond lengths from Raman measurements [13] .
The energy of J-T splitting (E J-T ) is found to be slightly decreased from 1.1 eV for the x = 0.05 crystals as compared with 1.2 eV for the x = 0 crystal. The increase in the full-width at half-maximum (FWHM) of the t 2g band with increasing Cu content signifies an increase of the O-Ru-O bond angle.
While a large difference is observed between the t 2g peaks of x = 0.02 and 0.05 crystals in the O K-edge spectra, the t 2g peak at the Ru L 3 -edge for the same samples shows much smaller difference. This means that the observed changes in the O K-edge peak are not coming from the Ru 4d-O 2p hybridization but from Cu 3d-O 2p hybridization. The possible support for this comes from the Cu K-edge data where the Cu 2+ peak is stronger for the x = 0.05 sample than the x = 0.02 crystal, and no change in the valence of Ru is seen from the Ru K-edge. Thus the 7 hole increase may be concluded to arise mainly from Cu 3d-O 2p hybridization in these crystals. Even up to 50% Sr substitution did not bring about such changes to the t 2g band observed in this work and the small changes to the e g band were attributed to the large orthorhombic crystal distortion in the case of (Sr,Ca)RuO 3 [24, 25, 28] . Thus, the Cu-O hybridization is responsible for the observed hole count in these SrY2116 crystals and all the observed behavior in the magnetic properties could therefore be attributed to the presence of Cu.
Another interesting feature of the O K-edge spectra is the difference in the ratios of the D 2 to D 3 peaks. A comparison of the sample spectra with the CuO and Cu 2 O standards suggests that the D 2 peak is influenced by Cu 2+ and the D 3 peak by Cu 1+ . The D 3 peak heights are nearly the same in the two samples whereas the D 2 peak intensity is relatively higher in the x = 0.05 sample. This indicates that the Cu 1+ concentration in the two samples is nearly the same but the Cu 2+ concentration is relatively higher in the 0.05 sample. This result is consistent with the Cu K-edge result in which a higher Cu 2+ was observed in the x = 0.05 crystal.
Conclusion
In conclusion, the investigation of the electronic structure of double provskite Sr 2 YRu 1−x Cu x O 6 (x = 0-0.05) by XANES spectroscopy shows that the valence of Ru is 5+ and that of Cu is a mixture of monovalency and divalency. The spectral evidence confirms that Cu is replacing Ru leading to an increase in the O-Ru-O bond angle and thereby a lattice distortion. Such a distortion of O h symmetry in the proviskite would lead to an increase in the p holes due to Cu 3d-O 2p hybridization as Cu replaces Ru. The influence of these on the magnetic properties needs to be investigated.
